Few-body bound states have been extensively explored in cold atomic gases with a desire to realize large molecular complexes. Here, we investigate the formation of trimers in an infinite onedimensional lattice with hard-core two-and three-body interactions of relevance to Rydberg atoms and polar molecules in optical lattices, and other physical systems such as the fractional Hall states. We determine the stability regions for attractively and repulsively bound trimers. We discover a regime of large spatially extended trimers that are stabilized by the interplay of attractive two-body, U , and repulsive three-body, V , interactions and persist despite extremely large V . These bound states present a new direction in the search for large few-body complexes in cold atoms.
Introduction.-Few-body physics forms the basis of our understanding of the building blocks of the physical world consisting of atoms and molecules [1] . In general, fewbody problems exhibit emergent phenomena that evade analytical treatment. One example is the universal threebody Efimov effect [2] where a tower of trimer states is stabilized by short-range two-body interactions. Threebody forces also play an important role in nuclear systems [3] , neutrons [4] , and fractional quantum Hall physics [5] . Proposals of systems in which few-body interactions can be controlled for the purpose of quantum simulations include trapped ultracold gases [6] [7] [8] , ultracold atoms and molecules in optical lattices [9] [10] [11] [12] [13] [14] , Rydberg excitations in cold gases [15] [16] [17] [18] [19] [20] , Rydberg slow light polaritons [21] [22] [23] [24] , optics coupled-cavity arrays [25] , and circuit QED systems [26] .
Few-body interactions in ultracold gases are described to high accuracy with precise models. There, experimental control allows for deliberate engineering of the interaction which can be tuned by Feshbach resonances [27] or external fields. Naturally, the study of few-body systems in this context received most attention, for examples see Ref. [28] [29] [30] [31] . In anticipation of the imminent progress in quantum engineering of lattice models with 'on-demand' few-body interactions and for their fundamental importance, we investigate the few-body physics of hard-core three-body interactions characteristic of many of the systems mentioned above. Our results apply to few-body bound states realized, for example, with polar molecules in optical lattices [9] or Rydberg atoms in tweezers [32] .
In this letter, we go beyond previous few-body studies of soft-core three-body interactions on the lattice [33] [34] [35] [36] [37] and consider trimers of structureless particles such as spinless, spin-polarized fermions or hard-core bosons in one-dimensional lattice models with two-and three-body interactions. We analyze stability regions for trimers in the Hamiltonian parameters on the attractive and repulsive sides of interactions. We identify a wide parameter regime characterized by the appearance of large spatially trimers is indicated by the blue dotted line. Two families of scattering states exist in the continuum: 1 + 1 + 1 in the white region and 2 + 1 describing scattering of dimers in the peach region. The black cross symbol indicate values of V and U for which we illustrate the simultaneous splitting of attractive and repulsive trimers from the continuum in Figure 5 .
extended bound states. These large trimers are bound by higher order interactions that result from the interference between attractive two-body and repulsive threebody interactions. Our results challenge the conception that stable bound states must be spatially confined and are thus of great interest to efforts targeting the creation of large coherent quantum objects with non-trivial internal structure. dimensional model of three spinless electrons or hard-core bosons with nearest-neighbor (NN) hopping, and twoand three-body interactionŝ
where t is the hopping amplitude, U is the NN two-body interaction and V is the NN three-body interaction, i is the site index,ĉ † (ĉ) is the particle creation (annihilation) operator, andn is the particle number operator. This model in the NN approximation serves to provide insight into the physics of the dominant three-body interactions in experiments. We study three-particle states in the infinite chain by solving the equation of motion for the Green's functionĜ(ω) = (ω + iη −Ĥ) −1 .
We derive the exact Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) hierarchy of equations of motion for three-particle propagators G(m 1 , m 2 ; n 1 , n 2 ; K, ω) = K, m 1 , m 2 |Ĝ(ω)|K, n 1 , n 2 defined for states |K, n 1 ,
. A stable attractively (repulsively) bound trimer (also known as trion) corresponds to the appearance of a discrete pole in the Green's function below (above) the continuum of scattering states.
Dimers.-A value of U sufficient to compensate for the kinetic energy loss is required to bind a dimer state. For two particles under the influence of the Hamiltonian Eq.
(1), a bound dimer appears for |U | > 2t [38, 39] . The two-particle states are unaffected by the three-body interactions.
Trimer stability diagram.-To identify stable trimers we search for discrete peaks outside of the three-particle continuum. This consists of scattering states of three free particles, 1 + 1 + 1, and those of a dimer and a free particle, 2 + 1.
In Figure 1 , we plot the stability diagram for attractively and repulsively bound states at K = k 1 +k 2 +k 3 = 0. The solid (dashed) line identifies the stability behavior of attractive (repulsive) trimers. To characterize different regimes of physical behavior, we compute the average size of the trimer M , where M = n 1 +n 2 is the distance between the two outer particles in a given configuration of the trimer.
First consider the lower-left quadrant of the diagram (V ≤ 0, U ≤ 0). For U = 0, a bound trimer (blue region of Figure 1 ) appears for V −5.5t with particles tightly bound in the trimer state M ≤ 3 as expected of the short-range three-body attraction. Strongly attractive U values lead to more tightly bound dimers and naturally lowers V needed for binding. Now consider the lower-right quadrant (U ≤ 0, V ≥ 0). Surprisingly, for sufficiently attractive U ≤ −2t, trimers are alway stable regardless of the magnitude of the repulsive V . This behavior persists for extremely large V (see Figures 2 (b), 3 and 4 for more discussion). The large V effectively pushes the particles in the trimer apart as it becomes energetically costly to occupy three consecutive sites, but fails to completely break down the trimer. These exotic large trimers with M > 3 (cyan region of Figure 1 ) are bound by non-perturbative higher order interactions which we explain below.
We now turn to the repulsive U upper-half of the phase diagram (U ≥ 0). An attractive V < 0 counteracts the formation of repulsive trimers, but facilitates the formation of attractive trimers. For a fixed repulsive U , larger attractive V is needed to overcome the two-body repulsion and stabilize attractive trimers (blue region in the upper-left part of Figure 1 ). For both repulsive U and V repulsive trimers with tightly bound particles are easily stabilized. We did not find large spatially extended repulsive states such as those on the attractive side of the diagram. Instead a region of dimers in the 2 + 1 continuum (peach region of Figure 1) exists. In these regions where U, V ≥ 0, two-and three-body interactions act to Finally, the bottom-right striped area corresponds to a stability region of both large attractive and small repulsive trimers (see Figure 5 and accompanied discussion), while the top-left stripes correspond to that of small attractive trimers and repulsive dimers.
Trimer size.-To shed light on the mechanism behind the formation of attractive trimers, we analyze the probability density
of the trimer eigenstates |0, α T . In Figure 2 (a) we study P (M ) at U = −2.4t for different values of V (blue and cyan regions of Figure 1 ). For V = 0, the particles are NN (M = 2) with a probability of around 24% and P (M ) is maximized for M = 3. For larger V , the size of the trimer increases and the maximum of P (M ) shifts to larger values indicating a crossover from a small to a large trimer. In Figure 2 (b) we study P (M ) for the large trimer at V = 1000t and different values of U . For U = −2.4t, P (M ) has a substantial spread indicating a large-sized trimer with a peak at M = 8. Larger attractive U forces the particles closer together effectively restricting the size of the trimer.
To provide further quantitative analysis, we plot the average trimer size M in Figure 2 responding to smaller trimers. However, M remains considerably large for V > 2t. This points to a robust mechanism behind the formation of large trimers.
Binding mechanism of large trimers.-Having established the existence of large trimers in extended ranges of U and V , we turn to the binding mechanism. To unveil the intricate physics behind binding, we consider the probability density
to find the central particle at a distance ∆ from the outer left particle in the trimer for a given M component of the wavefunction. In Figure 3 , we plot P (∆) for the M = 8 component of the trimer wavefunction at a fixed V = 1000 t for different values of U . Simple perturbative arguments suggest that binding should be facilitated by the formation of configurations with NN particles ∆ = 1, 7 as a result of the attractive NN twobody interaction. Surprisingly, for small |U | the central particle is only slightly more likely to be NN to either outer one and has a large probability to be anywhere in between. This is an example of the rare occurrence where a perturbatively small term has a large effect on the behavior of the system. A larger attractive U naturally favors NN configurations with ∆ = 1, 7. This behavior becomes clear in Figure 4 where we analyze the binding energy E B for V = 1000 t and different values of U along with the corresponding M . As expected E B increases with increasingly attractive U , but only up to U ∼ −3.9t. Most shockingly, at this U , E B Figure 1 . Purple solid lines are the bound states dispersions and the blue region is the continuum. The inset illustrates the splitting of the attractive trimer from the continuum around K = 0. The attractive trimer merges with the continuum near K = π, while the repulsive trimer decays into the continuum at smaller ± |K|. The K = 0 attractive bound state corresponds to a large trimer with M = 10.6, while the repulsive state is a small one with M = 2.05. This figure illustrates the coexistence of attractive and repulsive trimers which should influence dynamics at these parameter values. develops a maximum followed by a rapid decrease. This striking behavior accompanies an opposite trend in M which has a minimum roughly coinciding with the maximum in E B . To gain more insight into this behavior of E B , consider again the effect of U in Figure 3 . Larger attractive U forces the central particle closer to either of the two outer particles. For moderate U > −3.9t in Figure 4 this favors a smaller trimer (see also Figure 2 ). Larger U < −3.9t, however, force the trimer into configurations with two NN particles and the third further apart (e.g. U = −10t result in Figure 3 ) accompanied by an increase in M . This trimer configuration is a weakly bound state of a strongly bound dimer and a particle reminiscent of, yet distinct from the 2 + 1 scattering state. Remarkably, M ± σ (shaded region of Figure 4) , where σ is the standard deviation of P (M ), shows larger spread for more attractive U corroborating this picture of a dimer and a loosely bound third particle.
These results point to a non-perturbative binding mechanism: The large timers are bound by higher order interactions that mediate long-range binding yet avoid the forbidden M = 2 configuration. Furthermore, this pattern of decrease in E B for large trimers composed of NN pairs and a loosely bound particle indicates that con-figurations with the central particle 'free' in between the outer two play a crucial role in binding. There, the central particle mediates a three-body force through pairwise interactions with the outer two. This is most efficient in configurations with the central particle close to both the outer two, a situation favorable in smaller trimers formed for modest U . Larger U forces the central particle closer to one of the outer two, ultimately weakening the binding to the other one, which leads to a larger trimer with the 2 + 1-like structure.
Coexistence of attractive and repulsive trimers.-Before we conclude, we highlight an additional effect of the interplay of two-and three-body interactions. In Figure 5 , we show the energy spectrum E (in units of t) as a function of K for the parameters labeled by a cross symbol in the stability diagram, Figure 1 . There, we find two bound states split from the continuum, an attractive trimer and a repulsive one.
The attractive trimer dispersion merges with the continuum for K close to ±π, while that of the repulsive trimer merges with the continuum at smaller ± |K|. The repulsive trimer with the flat dispersion has a larger mass than the attractive trimer. This coexistence of repulsive and attractive trimers of different nature resembles the physics of mobile impurities in cold gases where attractive and repulsive quasiparticle polaron states dominate the spectral properties [40, 41] . This behavior should lead to distinct competing branches in the quantum dynamics of the system as measured, for example, in Ramsey spectroscopy [42] .
Concluding remarks.-In this work, we studied the physics of trimers in presence of hard-core two-and threebody interactions. We constructed the trimer stability diagram identifying regions in parameter space of stable attractive and repulsive trimers. We identified two types of attractive trimers: small and large. The analysis of the structure of large trimers reveals a novel binding mechanism, whereby two-and three-body terms interfere to mediate long-range attractive interactions that favor large configurations with the central particle free to be anywhere in between the outer two. We also identified regimes of coexistence of repulsive and attractive trimers expected to dominate the dynamics in quench experiments.
The large trimers are bound by non-perturbative longrange forces mediated by short-range interactions. Their formation cannot be understood in the frame of approximate variational or perturbative approaches. They present a new direction in the search for large few-body complexes in cold atom experiments. Rydberg atoms in optical tweezers [32] and polar molecules in optical lattices [9] are natural domains to investigate spectroscopic signatures of these effects.
Will these large bound states persist for larger number of particles? Can they impede thermalization [43] ? How does the few-body physics affect the many-body behavior [44] ? Can three-body interactions alter the properties of quasiparticles dressed by lattice phonons [45] [46] [47] in these experimental systems? These are questions we have just started to answer, some of which are currently under investigation.
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